In this study, the dynamic detonation parameters, namely, the critical tube diameter and critical energy for direct initiation, of C 2 H 2 /N 2 O/Ar mixtures were measured at various initial conditions. 
Introduction
Nitrous oxide (N 2 O) is a stable compound that is comparatively unreactive to many substances at room temperature. Its use has been considered in medical application for its anesthetic effects and rocket propulsion research as a cold gas propellant or oxidant [1, 2] . When heated sufficiently, however, N 2 O is an energetic oxidizer; It first decomposes endothermically to mixed with other gaseous fuels can potentially lead to various accidental explosions [3, 4] . Therefore, it is necessary to understand the subject of nitrous oxide explosion properties and to assess its potential hazards.
For the past decades, many studies have been devoted to explore the combustion properties such as ignition delay times, flame burning speeds, flammability limits and detonation cell sizes in hydrogen-nitrous oxide-diluent mixtures [5] [6] [7] [8] [9] [10] [11] [12] [13] . These studies were mostly motivated by the concern of hazards posed by the accidental explosions in these H 2 /N 2 O gaseous mixtures that are continuously generated from stored wastes of military nuclear processes [14] [15] [16] . Unlike common hydrocarbon fuel-oxygen or hydrocarbon fuel-air mixtures, the detonation phenomenon in hydrocarbon fuel-nitrous oxide mixtures, e.g., C 2 H 2 /N 2 O considered in this study, has not been widely investigated. Such studies could have an impact of improving the safety in industrial sectors that deals with nitrous oxide from waste treatments, emissions from energy sources or chemical processes [17] , and the application of nitrous oxide as an oxidizer, for example in chemical rocket engines [2] . Among different detonation parameters, evaluation of critical diameter and critical energy for direct initiation provides direct means to assess the detonation sensitivity of a given mixture [18, 19] and yet, data on these dynamics parameters for hydrocarbon fuel-nitrous oxide mixtures are rather scarce. Although detonation cell size is also often considered as an important dynamic parameter to quantify the detonation sensitive of a given explosive, it was found that fuel-N 2 O mixtures tend to be very unstable with highly irregular cellular structures. For example in C 2 H 2 /N 2 O/Ar mixtures, even with the argon dilution up to 50%, Libouton et al. [20, 21] observed "substructure" with cell sizes of multiple scales, which makes the determination of the cell size for C 2 H 2 /N 2 O/Ar mixtures very difficult.
In this study, we focus on the C 2 H 2 /N 2 O/Ar systems as an example in investigating the effect of nitrous oxide on the sensitivity of detonation formation in hydrocarbon fuel mixtures. Critical tube diameter and critical energy for direct initiation data for C 2 H 2 /N 2 O/Ar mixtures are experimentally obtained at different initial conditions to look at the effects of the initial pressure, equivalence ratio and the amount of argon dilution on the detonation dynamic parameters. These results are then compared with those for H 2 /N 2 O/Ar to study the influence of hydrogen as a fuel, and compared with C 2 H 2 /O 2 /Ar mixtures to observe the detonation sensitivity if nitrous oxide is being used as an oxidizer. To investigate the detonation sensitivity from chemical kinetics consideration, an induction zone length analysis is also carried out in parallel to support the experimental observations.
Experimental details and chemical kinetic analysis

Experiment setup
Measurement of the critical tube diameter and critical energy were both carried out in a modified spherical bomb apparatus as shown in Figs. 1 and 3 , respectively. The original spherical chamber is 8" in diameter and 2" in wall thickness. In both experiments, each explosive mixture was first prepared beforehand in a separate vessel by the method of partial pressures. The storage pressure was kept at 2 atm and the gases were allowed to mix in the vessel for at least 24 hours in order to ensure homogeneity for each experiment.
For the critical tube diameter measurement of C 2 H 2 /N 2 O/Ar mixtures, experiments were carried out in a setup consisted of a vertical circular steel tube connected to a spherical bomb chamber (see Fig. 1 ). The tube diameters were varied via inserting smaller diameter tubes. The tube diameters used in the experiment were d = 19.1 mm, 15.5 mm, 12.7 mm and 9.13 mm. The initial conditions of the critical tube diameter experiment are shown in Table. 1. For each test, the detonation was initiated by a high voltage spark ignition source at the top of the vertical circular steel tube and the wave subsequently transmitted into the spherical chamber. A photo probe and a shock pin were mounted at the top and bottom of the spherical bomb, which were used to determine the time-of-arrival (TOA) signal of the wave. The successful or unsuccessful detonation when it transmits into spherical chamber can be estimated by the TOA signal (see [22] for further details). which is approximately 90.8% and 90% of the CJ detonation velocity, respectively. It shows that at an initial pressure of 58 kPa, the tube diameter is above the critical value, thus the planar detonation can successfully transmit into a spherical detonation. On the other hand, for an unsuccessful transmission with an initial pressure lower than the critical value, e.g., p 0 = 52 kPa, although a detonation wave still formed in the vertical tube, the detonation failed after exiting into the free space. At this initial pressure, the wave first reached the photo probe at t = 211.2 μs, and the shock pin at t = 1180 μs. With these TOAs from the traces, the velocity of wave in the vertical tube is roughly about 90% CJ and in the spherical bomb the velocity is estimated to be around 11.4% CJ, which clearly indicates failure of the wave. For each successful and unsuccessful initiation of spherical detonation at least 3 shots were repeated to confirm the critical pressure that can form a spherical detonation at each tube diameter.
As for the critical energy measurement, direct initiation of spherical detonations was achieved via a spark discharge from a high voltage and low inductance capacitor inside the closed spherical bomb chamber shown in Fig.3 . In brief, the ignition system consists of a high voltage power supply, capacitor bank, a gap-switch, a trigger module (TM-11A) and a slender coaxial electrode mounted on top of the explosion sphere. At the end of this slender electrode there is a 3.5 mm spark gap through which the energy is delivered inside the chamber through the ignition circuit. A PCB piezoelectric pressure transducer is mounted in the wall of the chamber to measure the time of arrival of the wave front. From the arrival time of pressure signal it can be determined whether there is a successful direct initiation of detonation or not.
The procedure to distinguish detonation initiation as well as details to estimate the actual spark discharge energy from the ignition system can be found in authors' previous studies [23] [24] [25] [26] [27] [28] . In this study, a wide range of initial conditions of C 2 H 2 /N 2 O/Ar, H 2 /N 2 O/Ar and C 2 H 2 /O 2 /Ar mixtures were used, which are summarized in Table 2 .
Chemical kinetics modeling
To investigate the detonation sensitivity of mixtures under different conditions, some aspects of chemical kinetics (i.e., induction length analysis) was also considered [29] . The induction length analysis also provides some insights to explain qualitatively the variation of critical initiation energy and critical tube diameter observed in the experiments. The one-dimension ideal ZND model is used to calculate the characteristic induction length scale and the solutions were computed using the CHEMKIN package [30] . For C 2 H 2 /N 2 O/Ar and C 2 H 2 /O 2 /Ar mixtures, the Konnov chemical kinetic mechanism [31] was used. The version of Konnov mechanism used in this work contains 1016 reactions and 122 species (Release 0.3). This version of the Konnov mechanism has been validated with experimental data for oxidation, ignition, and flame structure of small hydrocarbon and also cases with nitrous oxide [31] . It was largely revised using the data from [32] for acetylene oxidation. In addition, other version of Konnov mechanism is often chosen for detonation analysis in the literature [27, [33] [34] [35] . Release 0.4 of the Konnov mechanism was also validated through the comparison of constant volume explosion simulation and available shock tube ignition data for ethylene, propane and hydrogen [36] . For mixtures with N 2 O, the sub-mechanism of nitrogen chemistry in the Konnov mechanism is developed on the basis of the widely used Miller-Bowman mechanism [37] with additional reactions and updates. It is worth noting that the Miller-Bowman mechanism is also considered in [6, 13] as the basis and modified for studying detonations in mixtures containing nitrous oxide. For H 2 /N 2 O/Ar mixtures, the reaction mechanism constructed by Mével et al. [8] was used, which had been well validated with several fundamental combustion problems including ignition delay time and laminar flame speed [8] [9] , and prediction of detonation properties such as detonation cell size and critical initiation energies [10, 25] . It is worth noting that this chemical kinetic model, constituted of 203 reactions and 32 species, has also been constructed from the mechanisms of Konnov [31] and of Mueller et al. [38] . Comparison for For 50% argon diluted mixtures, part of the experimental results were extracted from Laberge at al. [39] , which follows well the trend of the present data with tube diameter smaller than 20 mm.
In general, the results show that with increasing amount of argon dilution, the critical tube diameter increases consequently at the same initial pressure.
In these plots, correlations are also included for qualitative comparison and to further elucidate the trend of variation. The correlation is based on the consideration that the detonation front can be characterized by a characteristic reaction zone length, and the diffraction process is governed physically by the tube diameter. Dimensional consideration thus suggests a correlation between these two characteristic length scales. Using the Konnov chemical reaction mechanism for C 2 H 2 /N 2 O/Ar mixtures, the induction zone length of a steady ZND detonation structure can be computed, which can be used to scale the critical tube diameter with d c = A I . Using the experimentally measured critical tube data, an empirical expression for computing the proportionality parameter A has been determined  a mathematical form similar to those used in [10, 25] 
where p CJ , u CJ denote the CJ detonation pressure and particle velocity, respectively. t* is the time when the rarefaction wave reaches the tube axis, t*= d c /2a CJ with a CJ being the sound speed of the detonation products [18, 42] . S(t) is the surface area of the planar CJ detonation wave in the confined tube, which is written as:
where d c is the tube diameter. Hence, this simplified work done model gives:
It is thus suggested by Eq. 4 that the critical tube diameter and critical initiation energy can be directly linked with each other by this work done model. With the knowledge of experimentally measured and theoretically predicted critical tube diameter data introduced in the previous section, critical initiation energy can be approximated and compared with the experimental measurement. From the comparison between theoretical prediction and experimentally measured data which is shown in Fig. 6 , it is found that the theoretical prediction can estimate the critical energy at each initial pressure with very reasonable accuracy. To look at the dilution effect, Fig. 9 shows the critical energy for C 2 H 2 /N 2 O mixtures diluted with different amounts of inert argon. As seen from Fig. 9 that with an increase of the amount of argon dilution, the critical initiation energy increases consequently; In other words, with more argon dilution, the mixtures tend to be less sensitive to detonation. As shown in Fig.   10 the variation of induction length as a function of amount of Ar dilution, by increasing the amount of argon dilution, the induction zone length increases, which can also explain qualitatively the increase of critical initiation energy.
Critical energy comparison between C 2 H 2 /N 2 O/Ar and H 2 /N 2 O/Ar mixtures
The critical energies of direct detonation initiation for stoichiometric C 2 H 2 /N 2 O and H 2 /N 2 O mixtures as a function of initial pressure are compared in Fig. 11 . By comparing the results for stoichiometric C 2 H 2 /N 2 O and H 2 /N 2 O mixtures at the same initial pressure, it is clear that the critical energies for H 2 /N 2 O are always higher than those of C 2 H 2 /N 2 O at the range of initial pressures considered in this study. Fig. 12 shows the results of induction length scale analysis;
As can be seen that the induction length of H 2 /N 2 O is around 4 times larger than that of One interesting observation is that although the ZND induction lengths for both mixtures do not vary significantly with increasing argon dilution, one can notice in Fig. 15 that there appears a fast increase in critical energy for H 2 /N 2 O mixtures with dilution above 30% and for C 2 H 2 /N 2 O mixtures diluted with more than 50%. This fast increase in the critical energy could perhaps be related to the dynamic effect instead of the chemical effect [25, 26, 43] . It is known that by increasing the argon dilution, the detonation wave becomes more stable in the sense that the reaction zone structure is more regular with weaker transverse waves [44] , and the dynamic change in the regularity of the detonation structure is known to have an effect on the propagation, limits and initiation of a detonation wave [45] . Previous studies proposed that the stability of the detonation wave can be characterized by a stability parameter χ, calculated by the effective activation energy of the induction zone multiplied by the ratio of induction to exothermic heat release length [43, 46] . As shown in our previous work [25] , stable or regular mixtures characterized by small instability parameter χ tend to be less sensitive to detonation initiation.
Looking at Fig. 17 which shows the stability parameter χ for both mixtures as a function of the degree of argon dilution, by increasing the argon dilution the stability parameters χ for both mixtures decrease and the detonation shall become more stable and therefore, the increase in critical energy as shown in Fig. 15 can be explained from this detonation instability consideration. Furthermore, the rate of decrease in χ for H 2 /N 2 O mixtures by increasing the argon dilution appears to be faster than that of C 2 H 2 /N 2 O, and hence, it also explains why the onset of the fast increase in critical energy for H 2 /N 2 O mixtures is earlier at about 30%. Fig. 19 , it is observed that the ZND induction length scale for C 2 H 2 /N 2 O is around 3 times bigger than that of C 2 H 2 /O 2 when at the low pressure, and about the ratio is about 10 as the pressure increases above 100 kPa. It is also interesting to notice that the ratio between the two critical energies of C 2 H 2 /N 2 O and C 2 H 2 /O 2 mixtures found in Fig. 18 is of the order of 400. Using the ZND induction length as the characteristic length scale, from dimensional consideration the initiation energy should scale according to E c ~ Δ 3 and hence, the ratio of the ZND induction length between these two mixtures should be approximately of the order of 7. This agree well with the results shown in Fig. 19 which shows on average a ratio of 6 over the initial pressure range considered in this study. A discrepancy is expected since it is known that the scaling E c ~ Δ 3 is not appropriate for unstable detonations with irregular reaction zone structures and the energy formula in general depends also on the CJ detonation velocity, density  0 , specific heat ratio , cell size , etc., be found that the mixture tends to be less detonation sensitive by using nitrous oxide as oxidizer than using oxygen, thus more energy is needed to achieve a successful direct initiation. The experiment results also indicate that the oxidizer does not change the overall critical energy behavior and the location of its minimum.
Concluding remarks
In this study, detonation critical tube diameters were measured for C 2 H 2 /N 2 O/Ar mixtures at various initial conditions (i.e., φ = 0.625  2.5 and argon dilution up to 50%, respectively). 
